Abstract-In this paper, we investigate the capacity of spatially correlated, multiple-input-multiple-output (MIMO) channels in a 60 GHz indoor environment. We first derive the correlation coefficients between two antenna elements as a function of the antenna spacing. Then, the standard deviation of the power azimuth spectrum (PAS) and the mean angle of arrival (AOA) are obtained for the truncated Laplacian model, which is appropriate for broadband 60 GHz indoor channels. The Triple Saleh-Valenzuela (TSV) model is considered as a typical for these channels. The capacity of correlated MIMO channels for 60 GHz indoor environments is investigated for two power allocation schemes, equal and water-filling. It is shown that the capacity is affected by the spatial correlation , which varies according to the antenna spacing , PAS standard deviation and mean AOA. Finally, it is determined that when channel state information (CSI) is available at the transmitter, the correlated MIMO channel capacity with water-filling power allocation is greater than the capacity achieved with equal power allocation.
I. INTRODUCTION
The increasing demand for broadband multimedia applications has created a significant need to increase the capacity of wireless networks. The required capacity will soon exceed that available with the current 2.4-2.5 and 5.2-5.8 GHz frequency bands. Fortunately, an abundance of available spectrum around 60 GHz is available to meet these needs. As a consequence, the Federal Communications Commission (FCC) has allocated the 57-64 GHz band for general unlicensed applications [1] .
In recent years, multiple-input-multiple-output (MIMO) systems have emerged as a promising solution for optical and short range radio communication. The use of multiple transmit and receive antennas can potentially provide a large improvement in spectral efficiency for wireless communications in the presence of multipath fading [2] [3] .
It is known that scattering is a limiting factor in uncorrelated channels. In many practical situations, spatial correlation among the antenna elements exists due to poor scattering conditions. According to Foschini [4] and Telatar [5] , at lower frequencies, a rich scattering environment is critical to producing a spatially uncorrelated channel conducive to multiplexing. However, for 60 GHz and above, multipath is attenuated by high reflection losses and thus cannot always provide an uncorrelated channel. Thus, propagation conditions at 60 GHz are rather unfavourable for spatial multiplexing (SM). This non-rich scattering environment results in a relatively high spatial correlation which is known to reduce the potential performance improvements with SM [6] .
Most of the works on MIMO systems make the assumption that the sub-channels between transmit antennas and receive antennas experience independently and identically distributed fading [7] . [8] points out that the potential capacity of MIMO systems suffers from fading correlation between antennas, and that the effects of sub-channel correlation on the capacity are weakened when antenna subset selection is employed. In [9] , when the channel is rank-deficient, it considers the capacity of MIMO systems with transmit antenna selection and showed that more capacity can be achieved by using a subset of transmit antennas. [10] provides the exact BER of MIMO systems with transmit antenna selection in a spatially correlated fading channel. But they all focus on correlated flat fading channels at lower frequencies. This motivates the study of correlated MIMO systems in 60 GHz indoor environments.
The rest of the paper is organized as follows. Section II introduces the spatial correlation function, and the correlated MIMO system model is presented in Section III. Section IV presents the correlated MIMO system capacity. Numerical results are given in Section V, and some conclusions are given in Section VI.
II. SPATIAL CORRELATION
The spatial correlation between the received signals impinging on two antenna elements has been studied extensively. According to the results in [11] [12] , the correlation coefficient between the antenna elements depends mainly on the power azimuth spectrum (PAS) and the radiation pattern of the antenna elements.
PAS is an important factor in determining the spatial correlation between antenna elements. Several PAS models have been derived from measurements in different channel environments. The nth power of a cosine function has been used to model the PAS in an outdoor channel [13] . The truncated Gaussian PAS model [14] and the uniform PAS model [15] have also been introduced. The truncated Laplacian distribution [16] is the best fit to measurement results in urban and rural areas.
In this paper, the commonly employed linear antenna array with omni-directional antenna patterns is considered to determine the spatial fading correlation. Fig.  1 shows the antenna array model.
We consider two adjacent antennas in the array a and b spaced a distance d apart. For received signals with mean AOA θ 0 , dsin(θ 0 ) represents the average difference in the distance traveled, and the corresponding delay is given by ω 0 =(d/c)sin(θ 0 ),where c is the speed of light. The corresponding channel impulse responses are denoted as h a (θ) and h b (θ), respectively, where θ is the AoA of the received signal. The spatial correlation of the received signals with mean AOA θ 0 for two antenna elements spaced a distance d apart is given by [17] 
where p(θ) denotes the PAS, λ is the signal wavelength, the superscript * denotes conjugate. Re(d,θ) and Im (d,θ) represent the correlation of the real and imaginary parts of the signals, respectively [18] .
In a 60 GHz indoor environment, a truncated Laplacian model is commonly employed for the PAS [19] which has power distribution 0 2 00 ( ) , 2 pe
where σ is the PAS standard deviation [18] . The normalization factor η is given by 0 00
so that η can be expressed as
Substituting (2) and (4) into (1) 
where J m () is the first-kind mth order Bessel function.
Equations (5) and (6) show that the antenna spacing d, the mean AoA θ 0 and the PAS standard deviation σ are factors in determining the spatial correlation between antenna elements. 
III. CORRELATED MIMO SYSTEM MODEL
Because of the number of obstructions, variations in building layout, and the movement of people, it is difficult to model a specific 60 GHz indoor channel. To avoid this problem, general models are preferred [20] . Based on clustering in both the temporal and spatial domains , the IEEE 802.15.3c Task Group has developed the Triple Saleh-Valenzuela (TSV) model [21] . The TSV model is the most widely accepted cluster based model for 60 GHz indoor channels. The complex impulse response obtained using this model includes the time of arrival (TOA), AOA, and complex amplitude of each ray in the cluster. This impulse response can be expressed as [22] , , , 11
The first part of (7) is the line of sight (LOS) component, α LOS is the complex amplitude of LOS component, Φ is the angle of arrival of LOS component. The second part is the NLOS component, α k,l is the complex amplitude of each ray, T l is the delay of the lth cluster, t k,l is the delay of the kth ray in the lth cluster, θ l is the angle of arrival of the lth cluster, and θ k,l is the angle of arrival of the kth ray in the lth cluster. The ray and cluster amplitudes follow a Poisson distribution and the angles follow a Laplacian distribution [23] .
A broadband MIMO channel can be modeled as [24] 
Since the TSV model contains AOA information, (8) is not sufficient for this model. According to (7), (8), taking into account the AOA information, the uncorrelated MIMO channel for the TSV model is modeled as
where A 1 represents the LOS component, which only contains the first path. Φ is the AOA for the first path , A p represents the NLOS component, Φ p is the AOA for the pth path of the NLOS component . The MIMO channels are typically not independent and identically distributed (i.i.d.) due to poor scattering conditions. R t represents the correlation matrix for the transmit antennas and R r represents the correlation matrix for the receive antennas. The spatial correlation matrix is then given by [25] tr R R R 
where  denotes the Kronecker product. According to (11) , the root-power correlation matrix Γ is given by [17] , for power (field) type , for complex type
Γ is a non-singular matrix which can be decomposed into a symmetric mapping matrix [26] T CC  (13) where C can be obtained by Cholesky decomposition or square-root decomposition, depending on whether R t and R r are complex or real matrices, respectively [27] . The uncorrelated MIMO channel gain matrix for the pth path can be represented by an (MT × MR) ×1 vector given by ( )
The correlated MIMO channel gain matrix for the pth path AA p can be written as
Substituting (15) where Y is the received signal vector , H is the correlated MIMO channel for the TSV model , X is the transmitted signal vector, W is additive complex white Gaussian noise with covariance N 0 I N , N 0 is the power spectral density of the additive noise ,and I N is the MR × MR identity matrix.
IV. CAPACITY OF SPATIALLY CORRELATED MIMO CHANNELS
The channel correlation is closely related to the capacity of the MIMO channels. In this section, the capacity of the MIMO channels is analyzed when the channel gains between the transmit and receive antennas are correlated. Two cases are considered corresponding to whether or not the channel state information (CSI) is known at the transmitter.
A. Equal Power Allocation
When the transmitter does not have any channel state information, the optimal strategy is to allocate the energy equally among all transmit antennas. In this case, the capacity in bits per second per Hz (bps/Hz) is given by [5] 2 0 log det
where E x is the energy of the transmitted signals, and I MR is the MR×MR identity matrix. The superscript H denotes conjugate and transpose.
B. Water-filling Power Allocation
When CSI is available at the transmitter, antenna power can be allocated according to the water-filling (WF) scheme described in [28] . In this case, the capacity in bits per second per Hz (bps/Hz) is given by (20) μ is a constant. Fig. 2 presents the uncorrelated and correlated MIMO channel capacity for the equal and water-filling power allocation schemes when MT=MR=2. The SNR was varied from 0 dB to 20 dB. We assume that CSI is available at the transmitter. As expected, for a given allocation scheme, the uncorrelated MIMO channel capacity is higher than the correlated MIMO channel capacity. For example, when SNR=8 dB, the uncorrelated MIMO channel capacity with EP is 1.8 bps/Hz higher than the correlated MIMO channel capacity with EP. However, when the SNR is small, the correlated MIMO channel capacity with WF is larger than the uncorrelated MIMO channel capacity with EP. This reflects the fact that allocating more transmit power to the better channel is more efficient than sharing it equally between antenna elements. As the SNR increases, the difference between the MIMO channel capacity with WF and the capacity with EP decreases. In fact, for an SNR greater than 18 dB, the difference is negligible. Thus the capacity with a high SNR is not sensitive to the power allocation strategy. Fig. 3 shows the cumulative distribution function (CDF) of the channel capacity with water-filling power allocation when MT=MR=2. Here, we investigate the effect of antenna spacing. The SNR values considered are 5, 10, 15 and 20 dB. The antenna spacing d was varied from λ to 2λ.When the SNR is fixed, the MIMO channel capacity increases significantly as d increases. For example, when SNR=5dB, CDF=0.4, the MIMO channel capacity increases from 4 bps/Hz to 6 bps/Hz .This can be explained by the fact that the spatial correlation decreases as d increases from λ to 2λ. In addition, the channel capacity with SNR=10 dB and d=λ is smaller than the channel capacity with SNR=5 dB and d=2λ, the difference is 1 bps/Hz. As the SNR increases, the difference gradually decreases, which reflects the fact that when the SNR is low, the antenna spacing is a key factor affecting performance. Fig. 4 shows the CDF of the channel capacity with water-filling power allocation when MT=MR=2. Here, the effect of the mean AOA is examined. The SNR values considered are 5, 10, 15 and 20 dB. The mean AOA θ 0 was varied from 10° to 20°. When the SNR is fixed, the channel capacity increases considerably as θ 0 decreases. For example, when SNR=15 dB, CDF= 0.4, the MIMO channel capacity increases from 7.5 bps/Hz to 8.5 bps/Hz .This can be explained by the fact that the spatial correlation increases as θ 0 increases from 10° to 20°. In addition, when the SNR is greater than 4.5 dB, the channel capacity with SNR=10 dB and θ 0 =20° is smaller than the capacity with SNR=5 dB and θ 0 =10°. When the SNR is greater than 10 dB, this difference is negligible. However, the channel capacity with SNR=15 dB and θ 0 =20° is larger than the channel capacity with SNR=10 dB and θ 0 =10°. It reflects the fact that when the SNR is low, the mean AOA has a significant effect on performance.
V. PERFORMANCE RESULTS
Fig . 5 shows the CDF of the channel capacity with water-filling power allocation when MT=MR=2. Here, the effect of the PAS standard deviation is examined. The SNR values considered are 5, 10, 15 and 20 dB. The PAS standard deviation σ was varied from 10° to 25°. When the SNR is fixed, the channel capacity increases greatly as σ increases. For example, when SNR=10 dB, CDF = 0.4, the MIMO channel capacity increases from 5 bps/Hz to 6 bps/Hz.This can be explained by the fact that the spatial correlation decreases as σ increases from 10° to 25°. As the SNR increases, as expected, the channel capacity increases, and the channel capacity when σ=25° is larger than when σ=10°. In this paper, the capacity of spatially correlated MIMO channels was investigated in a 60 GHz indoor environment. The commonly employed linear antenna array with omni-directional antenna patterns was considered. The spatial fading correlation was examined and its effect on the capacity investigated. The correlation coefficient between two antenna elements was been derived for the truncated Laplacian model, which is appropriate for 60 GHz indoor channels. This coefficient is a function of the antenna spacing, PAS standard deviation, and mean angle of arrival (AOA). The TSV model was used as is typical. The correlated MIMO channel capacity was determined for the equal and water-filling power allocation schemes. Since the spatial correlation affects the capacity, the antenna spacing, PAS standard deviation and mean AOA should be optimized to maximize capacity. As expected, the correlated MIMO channel capacity is larger with water-filling power allocation than with equal power allocation. 
